To explore the performance of three-dimensional (3D) isotropic T2-weighted turbo spin-echo (TSE) sampling perfection with application optimized contrasts using different flip angle evolution (SPACE) sequence on a 3T system, for the evaluation of nerve root compromise by disc herniation or stenosis from central to extraforaminal location of the lumbar spine, when used alone or in combination with conventional two-dimensional (2D) TSE sequence. Materials and Methods: Thirty-seven patients who had undergone 3T spine MRI including 2D and 3D sequences, and had subsequent spine surgery for nerve root compromise at a total of 39 nerve levels, were analyzed. A total of 78 nerve roots (48 symptomatic and 30 asymptomatic sites) were graded (0 to 3) using different MRI sets of 2D, 3D (axial plus sagittal), 3D (all planes), and combination of 2D and 3D sequences, with respect to the nerve root compromise caused by posterior disc herniations, lateral recess stenoses, neural foraminal stenoses, or extraforaminal disc herniations; grading was done independently by two readers. Diagnostic performance was compared between different imaging sets using the receiver operating characteristics (ROC) curve analysis. Results: There were no statistically significant differences (p = 0.203 to > 0.999) in the ROC curve area between the imaging sets for both readers 1 and 2, except for combined 2D and 3D (0.843) vs. 2D (0.802) for reader 1 (p = 0.035), and combined 2D and 3D (0.820) vs. 3D including all planes (0.765) for reader 2 (p = 0.049).
INTRODUCTION
In recent years, three-dimensional (3D) isotropic magnetic resonance (MR) sequences have been increasingly used in musculoskeletal imaging due to its several intrinsic advantages as compared to two-dimensional (2D) fast spin-echo (FSE) sequences. The improved through-plane spatial resolution of 3D sequences reduces the partialvolume artifacts by obtaining thin continuous slices (1) . Multiplanar reformation (MPR), which is necessary to evaluate anatomically complex musculoskeletal structures, Korean J Radiol 18(1), Jan/Feb 2017 kjronline.org age underwent lumbar spine MRI, including 3D isotropic TSE sequence at a 3T, to evaluate degenerative spinal disease or intervertebral disc herniation. Among them, we retrospectively identified 107 patients who had radicular leg pain, had subsequently undergone spine surgery for lumbar disc herniation or spinal stenosis, and who reported a decrease in symptoms after surgery. Seventy patients were excluded due to moderate to severe central spinal stenosis (n = 54), adjacent two level involvement (n = 7), and history or imaging evidence of previous spine surgery (n = 5), infection (n = 1), tumor (n = 1), and fracture (n = 2). Moderate and severe central spinal stenoses were defined as follows: moderate stenosis with some cauda equina aggregated; and severe stenosis with none of the cauda equina separated (16) .
Thus, 37 patients with 39 nerve levels were included in the study: mean age, 52 years; age range, 20-74 years; 17 men (mean age, 46 years; age range, 20-71 years) and 20 women (mean age, 57 years; age range, 21-74 years). All patients complained of leg pain with a radicular distribution, and reported a decrease in or regression of symptoms after surgical treatment of the corresponding nerve level. The mean interval between MRI and surgery was 32 days (range, 0-117 days).
MR Imaging Protocols
All 37 patients in the study group were imaged with a 3T MR unit (Magnetom Verio; Siemens, Erlangen, Germany) and a spine-array surface coil. Conventional 2D sequences consisted of a sagittal T1-weighted TSE sequence, and T2-weighted TSE sequences in the sagittal and axial planes. A 3D isotropic T2-weighted TSE sequence using SPACE with isotropic resolution, was acquired in the coronal plane. The imaging parameters of theses sequences are summarized in Table 1 . Driven-equilibrium radiofrequency pulse (Restore; Siemens Healthcare, Erlangen, Germany) was applied for 3D TSE SPACE. The source data acquired from 3D TSE SPACE sequences were subsequently reformatted into sagittal, axial, and oblique coronal images. Post-processing was performed by technologists at the imaging workstation, using commercially available software (Syngo MR; Siemens Healthcare). Reformation was performed with 0.6-mm slice thickness and without an interslice gap. On an average, reformation took about one minute.
MR Imaging Analysis
Two radiologists (reader 1 and reader 2, with 17 and can be performed by post-processing (1) . Not only the routine triplanar axis, but also dedicated oblique planes can be obtained without risk of misregistration, or an increase in imaging time (1) . Moreover, the introduction of 3D isotropic FSE sequences enabled yielding similar tissue contrast characterization to conventional 2D FSE sequences, which was not possible on 3D gradient-echo sequences (2) (3) (4) . Many studies have shown that 3D isotropic sequences have similar image quality and diagnostic performance to conventional 2D sequences for the evaluation of internal derangements of the knee, shoulder, and ankle joints, when executed at 3T (4) (5) (6) (7) (8) . In spine imaging, most of the studies using 3D isotropic sequences were feasibility studies reporting less artifacts and better delineation of small structures, or studies evaluating inter-method and inter-observer agreement (9) (10) (11) (12) (13) (14) . Recently, Lee et al. (15) compared 3D T2-weighted turbo spin-echo (TSE) and 2D T2-weighted TSE sequences of the lumbar spine, with surgical findings and symptoms. However, only nerve compression by posterior disc herniation correlated with the symptoms. We proposed that nerve compromise due to disc herniation or stenosis in every possible location from central to extraforaminal region should be considered for accurate symptomatic correlation. Thus, the purpose of this study was to explore the performance of 3D isotropic T2-weighted TSE sampling perfection with application optimized contrasts using different flip angle evolution (SPACE) sequence on a 3T system for the evaluation of nerve root compromise by disc herniation or stenosis from central to extraforaminal location of the lumbar spine, to be performed alone or in combination with conventional 2D TSE sequence.
MATERIALS AND METHODS

Patient Population
This study was approved by our Institutional Review Board and complied with Health Insurance Portability and Accountability Act (HIPAA) guidelines. The requirement to obtain informed consent was waived for this retrospective study. From March 2011 to February 2012, a 3D isotropic TSE sequence has been added to conventional 2D sequences in our hospital, when patients were suspected to have degenerative spinal disease or intervertebral disc herniation of the lumbar spine based on clinical examination, radiography, or CT. A total of 898 patients over 18 years of 3 years of experience in musculoskeletal radiology, respectively) who were blinded to the imaging reports, clinical history, and surgical findings, independently interpreted each set of conventional 2D and 3D isotropic TSE MR images to detect lumbar spinal nerve compromise of the operated level. First, sagittal and axial images from conventional 2D sequences were graded for nerve root compromise. Second, the sagittal-and axial-reformatted images from 3D isotropic T2-weighted TSE sequence were graded for the nerve root compromise. Third, sagittal-, axial-, coronal-, and oblique coronal images from 3D isotropic T2-weighted TSE sequence were graded for nerve root compromise. Fourth, combination of 2D (sagittal-and axial-images) and 3D isotropic (sagittal-, axial-, coronal-, and oblique coronal images) TSE sequences were graded for nerve root compromise. To prevent recall bias, there were at least 6-week intervals between each review, and images were analyzed in a random order, different from that of previous reviews.
During each session, every MR imaging set was graded bilaterally for posterior or posterolateral disc herniation, lateral recess stenosis, neural foraminal stenosis, and extraforaminal disc herniation, which caused nerve root compromise.
Because of the lack of consensus regarding a grading system for lumbar disc herniation and spinal stenosis considering nerve root compromise (16) (17) (18) (19) , we modified the previous grading systems based on Pfirmann's system (20) , taking the surrounding structures into consideration. This modified grading system is summarized in Table 2 . kjronline.org
Reference Standard
A neurosurgeon, two orthopedic surgeons, and a physiatrist (each with more than 10 years of experience in their specialty) performed clinical examinations. Radicular leg pain was used as the reference standard. Level and lateral localization of the involved nerve were assessed on the basis of the patient's subjective symptoms and the clinician's physical examination which included a nerve tension test, recorded in the electronic medical records. Regression or a decrease in pain after operation was also assessed similarly. When physical examination was not sufficient to confirm radicular leg pain or localize the involved nerve, electromyography or preoperative block was also evaluated. On electromyography, the presence of positive sharp waves or fibrillation potentials were counted as positive, for both paraspinal and leg muscles (21) .
Statistical Analysis
Diagnostic performance of each reader was calculated using receiver operating characteristic (ROC) curve analyses. Area under the ROC curve (AUC) was obtained. To compare the diagnostic performances of 2D TSE sequences, 3D isotropic T2-weighted TSE sequences with and without coronal and oblique coronal images, and combination of 2D and 3D isotropic TSE sequences, pairwise comparisons of the ROC curves were performed. We used 95% confidence intervals to express the statistical precision of the results. Diagnostic sensitivity and specificity of each reader were calculated. Grade 2 and 3 were considered as a positive finding of nerve root compromise. Statistical differences in sensitivity and specificity among 2D conventional sequences, 3D isotropic T2-weighted TSE sequences with and without coronal and oblique coronal image, and combination of 2D and 3D isotropic TSE sequences, were assessed using McNemar statistics.
Interobserver agreement and intermodality agreement for detecting posterior or posterolateral disc herniation, lateral recess stenosis, neural foraminal stenosis, and extraforaminal disc herniation, were calculated using kappa coefficients. Kappa values were interpreted as follows: 0.00-0.20, slight agreement; 0.21-0.40, fair agreement; 0.41-0.60, moderate agreement; 0.61-0.80, substantial agreement; and 0.81-1.00, almost perfect agreement (22) . For all tests, p < 0.05 was considered indicative of a statistically significant difference. Given the exploratory nature of this study, we did not make an adjustment for multiple pairwise comparisons. All statistical analyses were performed using commercial software (SPSS, version 19; SPSS Inc., Chicago, IL, USA), and MedCalc, version 11.3.0.0 (MedCalc, Mariakerke, Belgium).
RESULTS
Reference Standard
Of the 37 patients with 39 operated nerve levels, 4 cases had radicular leg pain correlating with L4 nerve involvement, 25 cases had L5 nerve involvement, and 10 cases had S1 nerve involvement. Unilateral symptoms were reported in 26 patients, and 11 patients had bilateral symptoms. Two patients with two level involvement had bilateral symptoms (unilateral symptom of each level). Regarding the lateral localization of pain, 17 cases were on the right side, 13 on the left side, and 9 on both sides. Thus, 48 symptomatic nerve roots and 30 asymptomatic nerve roots were evaluated.
Diagnostic Performance
Diagnostic performances of 2D TSE and 3D TSE in the evaluation of overall nerve root compromise are shown in Table 3 . AUCs (indicating diagnostic accuracy) of readers 1 and 2 for 2D T2-weighted TSE sequences and 3D isotropic T2-weighted TSE sequences with and without coronal and oblique coronal images, were not significantly different (p = 0.325 to > 0.999). AUCs of readers 1 and 2 for combination of 2D and 3D isotropic TSE sequences were higher than those of reader 1 for 2D (p = 0.035) and reader 2 for 3D sequence (including all planes) (p = 0.049), respectively. Of the 78 interpretations regarding bilateral nerves of the 39 levels, there were 12 false positive cases and 9 false negative cases. Both readers misinterpreted 8 false positive and 3 false negative cases on all sequences. At the second review of these cases, the diagnosis of the 11 cases that were misinterpreted on all sequences by both readers did not change, and we assumed these to be the cases showing poor association between clinical and imaging findings. Among the remaining 4 false positive cases, 1 case was reported as a grade 2 lateral recess stenosis on 3D sequence, by both readers (Fig. 1) . Reader 1 and reader 2 misinterpreted 1 false positive case of lateral recess stenosis on 2D and 3D, respectively. Reader 2 misinterpreted 2 false positive cases of disc herniation on the 3D sequence. Among the remaining 6 false negative cases, both readers misinterpreted 2 cases of lateral recess stenosis (Fig. 2 ) and 1 case of disc herniation, on 2D sequences. Reader 1 Korean J Radiol 18(1), Jan/Feb 2017 kjronline.org and reader 2 misinterpreted 1 false negative case of disc herniation on 2D (reader 1) and all sequences (reader 2), and 1 extraforaminal disc herniation (Fig. 3 ) on 2D (reader 1) and 3D (axial and sagittal) (reader 2
Interobserver Agreement
Interobserver agreement was almost perfect for 2D and 3D sequences in the evaluation of all causes of nerve root compromise, including posterior or posterolateral disc herniation, lateral recess stenosis, neural foraminal stenosis, and extraforaminal disc herniation (Table 4) . Kappa ranged from 0.88 (lateral recess stenosis on 2D T2-weighted TSE sequences) to 0.97 (posterior or posterolateral disc herniation on 2D T2-weighted TSE sequences and extraforaminal disc herniation on 3D isotropic T2-weighted TSE with coronal or oblique coronal images).
DISCUSSION
In this study, the diagnostic performance of 3D isotropic T2-weighted TSE sequence of the lumbar spine was not kjronline.org significantly different from that of conventional 2D TSE sequences in the evaluation of nerve root compromise. The combination of 2D and 3D might improve the diagnostic accuracy of readers. In addition, 3D isotropic sequence showed excellent interobserver agreement. In our study, two of the three false negative cases on 2D sequences by both readers were lateral recess stenosis. Because the narrowest portion of the lateral recess is its cephalic portion at the superior border of the pedicle, it is important to evaluate the most cephalic portion where the nerve root is commonly compressed (23) . However, when using axial images from 2D TSE sequences of 4-mm Axial 2D T2-weighted TSE image (A) shows herniated disc (arrowheads) and non-compromised right L5 nerve root (arrow). However, both readers correctly interpreted compressed right L5 nerve root (arrow) by herniated disc (arrowheads) at right lateral recess stenosis on axial 3D isotropic T2-weighted TSE image (B). There were no other findings compromising right L5 nerve root. MR = magnetic resonance, TSE = turbo spin-echo, 2D = two-dimensional, 3D = three-dimensional Korean J Radiol 18(1), Jan/Feb 2017 kjronline.org thickness, partial volume artifacts are inevitable, and the image may be insufficient to evaluate the lateral recess at the exact superior border level of the pedicle. Disc material, ligamentum flavum thickening, or facet hypertrophy at the intervertebral disc level can appear as if they are at the lateral recess level, and vice versa. Because the improved through-plane spatial resolution of 3D isotropic T2-weighted TSE sequence reduced partial volume artifacts by obtaining thin contiguous slices (0.6 mm thickness in our study) and reformatting with thin slices (0.6 mm thickness in our study) without an interslice gap, we were able to detect lateral recess stenoses on 3D images that were missed on 2D TSE sequences.
Reduced partial volume artifacts also influenced the nerve root evaluation of the extraforaminal zone. The nerve exiting the neural foramen descends obliquely downward and outward at the extraforaminal zone. Because of its oblique course, when the nerve is very close to the A B C Fig. 3 . MR images in 70-year-old woman with right radicular leg pain along L5 dermatome.
Axial 2D T2-weighted image (A) shows extraforaminal disc herniation and suspiciously deviated right L5 nerve root Axial 3D T2-weighted image (B) at same level shows suspiciously deviated right L5 nerve root having contact with herniated extraforaminal disc. Reader 1 missed this lesion on 2D images, and reader 2 missed this lesion on both 2D and 3D axial images. However, both readers correctly interpreted this lesion on 3D sequence with coronal and oblique coronal images. Superolaterally deviated right L5 nerve root is more definitely delineated on coronal 3D isotropic T2-weighted TSE image (C). There were no other findings compromising right L5 nerve root. MR = magnetic resonance, TSE = turbo spinecho, 2D = two-dimensional, 3D = three-dimensional A B Fig. 4 . Axial MR images in 23-year-old woman with right radicular leg pain along S1 dermatome.
Axial 2D T2-weighted TSE image (A) and axial 3D isotropic T2-weighted TSE image (B) show deviated right S1 nerve root (arrows) by right central disc protrusion (arrowheads). MR = magnetic resonance, TSE = turbo spin-echo, 2D = two-dimensional, 3D = three-dimensional Korean J Radiol 18(1), Jan/Feb 2017 kjronline.org herniated extraforaminal disc, nerve root just above or below the disc appears as if it is at the same plane with the disc on 2D sequence due to partial volume artifact (6, 15) . Thus, the actual contact can be missed, or the preserved fat between disc and nerve root can be obscured. Because the extent of sagittal imaging plane of conventional 2D TSE sequence is limited in the evaluation of extraforaminal zone, obtaining coronal and oblique coronal images with larger field of view in the 3D isotropic T2-weighted TSE sequence enabled delineation of the extraforaminal nerve root and adjacent structures in the longitudinal plane.
Although images of 3D isotropic TSE sequence with a thinner slice thickness provides greater through-plane resolution than 2D TSE sequences, inferior in-plane resolution and image blurring are well known weakness of 3D isotropic TSE sequence (4, 6, 8, 24) . In spinal imaging, these factors can hinder discriminating the small nerve roots and adjacent structures that can cause nerve root compromise. In this study, determining whether the nerve was in contact with adjacent structure was sometimes difficult to decipher. Nevertheless, because both grades 0 and 1 were categorized as negative findings for symptomatic correlation, only 1 false positive case was observed in 3D isotropic TSE sequence by both readers.
The acquisition time of 3D isotropic T2-weighted TSE sequence was 6 minutes 54 seconds in this study, which was about 3 minutes shorter than the total acquisition time of 2D TSE sequences (10 minutes 5 seconds), and about 1 minute shorter than that of 2D T2-weighted TSE sequences (7 minutes 40 seconds). Additionally, we could also get coronal and oblique coronal images by postprocessing, and there were no cases showing motion artifact affecting image analysis. Although in this study, additional coronal images changed diagnosis of only one false negative case to correct A. Sagittal 2D T1-weighted TSE image shows compressed L5 nerve root of left L5-S1 neural foramen (arrows). B. Compressed nerve root (arrow) by extruded foraminal disc (white arrowhead) and facet hypertrophy (black arrowhead) is also well visible on coronal 3D isotropic T2-weighted TSE image. Both readers correctly interpreted grade 3 neural foraminal stenosis. MR = magnetic resonance, TSE = turbo spin-echo, 2D = twodimensional, 3D = three-dimensional kjronline.org interpretation in reader 2, despite changes of the grades in several cases, MPR capability of 3D isotropic TSE sequence will be especially useful in patients with severe scoliosis or kyphosis, which consumes more time to obtain oblique axial and oblique sagittal images at different planes. Unlike previous studies that evaluated the spine using sagittal 3D sequence (9, 10, 15), we obtained coronal 3D isotropic T2-weighted TSE images. Initially, we performed sagittal 3D isotropic T2-weighted TSE sequence for lumbar spine evaluation. However, because of the large transverse diameter of the body, aliasing artifacts were present despite a relatively long scan time (about 9 minutes). These artifacts mainly affected the evaluation of extraforaminal lesions. After obtaining 3D isotropic T2-weighted TSE image on coronal axis, aliasing artifacts did not occur, and the scan time was reduced because of the smaller anteroposterior diameter.
Lateral localization of radicular leg pain was used as a standard of reference. Because of the retrospective design of the study, detailed correlation with surgical findings for all probable causes of nerve root compromise according to anatomic location was not possible. Although anatomic changes are not highly correlated with clinical symptoms in lumbar spinal stenosis, the nerve root compromise by posterior and extraforaminal disc herniation, and lateral recess and foraminal stenosis are known to predict radicular symptoms relatively well, with an increase in sensitivity following an increase in severity (25) (26) (27) (28) (29) (30) . Moreover, as we selected only operated levels of symptomatic patients who reported decrease in pain after surgery, we were able to infer that nerve root compromise at the operated level was responsible for the patient's radicular symptoms. For symptomatic correlation, we excluded moderate to severe central canal stenosis, which is more likely to cause neurogenic claudication or referred pain from degenerative facet joints or ligaments (25, 29) . Although referred pain and neurogenic claudication have different clinical features from radicular pain and can be differentiated by some provocation tests, these can be confused in clinical practice and can coexist in severe cases. Exclusion of moderate to severe central spinal stenosis might contribute to the high interobserver agreement in this study due to exclusion of more confusing cases.
Despite the frequency and importance of imaging studies in the evaluation of lumbar spinal stenosis and disc herniation, various quantitative and qualitative diagnostic criteria and grading systems exist, and there are no widely accepted grading systems. Qualitative criteria have strength in its consideration of anatomic structures causing stenosis, and are more widely used among experts in musculoskeletal radiology (16) (17) (18) (19) (20) 31) . However they are not always clear, and are often applied in combination or in a modified way (25, 31, 32) . Because the presence of nerve root compromise, especially in severe cases, is known to be an important predictor of radicular leg pain, we graded disc herniation and spinal stenoses according to the degree of nerve compromise. Grades 2 and 3 are considered to be positive findings with regards to correlating with the symptoms (20, 26, 28) .
This study had several limitations. First, there is the possibility of selection bias because of the retrospective design of the study, and inclusion of patients who had symptoms and underwent surgery. This might have increased diagnostic performance in our study. Second, the reviewers who evaluated MR images were aware that all patients had undergone surgery and they were evaluating operated levels, although they did not know detailed surgical findings or surgical procedure. This could have introduced reader bias, which might have led to the high diagnostic performance. Third, even though all patients underwent an operation, detailed correlation with surgical findings for all possible causes of nerve compromise according to anatomic location was not possible in this retrospective study. Despite the fact that clinical symptoms are not always highly correlated with imaging findings, and the possibility of chemical radiculitis that can also cause radiculopathy, we reasoned that the radicular leg pain of patients who reported a decrease in pain after surgery of the corresponding level would be sufficient as a reference standard. Fourth, because possible causes of nerve compromise at four different anatomic locations contributed to one symptom, coexisting nerve root compromise findings at different locations could not be correlated with the standard reference independently. Fifth, the study population was relatively small, despite the high incidence of degenerative spine disease. For symptomatic correlation, stricter inclusion criteria should be applied.
In conclusion, the performance of 3D isotropic T2-weighted TSE sequence of the lumbar spine, whether axial plus sagittal images or all planes of images, was not significantly different from that of 2D TSE sequences in the evaluation of nerve root compromise of the lumbar spine. Combining 2D and 3D might possibly improve diagnostic accuracy, as compared with either one.
